Real-time vibrational spectroscopic imaging is desired for monitoring cellular states and cellular processes in a label-free manner. Raman spectroscopic imaging of highly dynamic systems is inhibited by relatively slow spectral acquisition on millisecond to second scale. Here, we report microsecond scale vibrational spectroscopic imaging by lock-in free parallel detection of spectrally dispersed stimulated Raman scattering signal. Using a homebuilt tuned amplifier array, our method enables Raman spectral acquisition, within the window defined by the broadband pulse, at the speed of 32 ms and with close to shot-noise limited detection sensitivity. Incorporated with multivariate curve resolution analysis, our platform allows compositional mapping of lipid droplets in single live cells, observation of intracellular retinoid metabolism, discrimination of fat droplets from protein-rich organelles in Caenorhabditis elegans, spectral detection of fast flowing tumor cells and monitoring drug diffusion through skin tissue in vivo. The reported technique opens new opportunities for compositional analysis of cellular compartment in a microscope setting and high-throughput spectral profiling of single cells in a flow cytometer setting.
INTRODUCTION
The stimulated Raman scattering (SRS) process, first reported by Woodbury and Ng 1 in 1962, has recently been employed for highspeed vibrational imaging.
2-7 SRS is a third order nonlinear optical process, which involves two laser fields, namely, a pump field at v p and a Stokes field at v S . When the beating frequency (v p 2v S ) is tuned to excite a molecular vibration, the energy difference between v p and v S pumps the molecule from a ground state to a vibrationally excited state. The laser field manifests itself as a weak decrease in pump beam intensity, called stimulated Raman loss (SRL), and a corresponding increase in Stokes beam intensity, called stimulated Raman gain. In the case of SRL, to measure the weak laser intensity change, usually on the order of 0.01% or smaller, the Stokes beam intensity I S is modulated and the pump beam intensity I p is recorded by a photodiode. The induced modulation is then extracted by a lock-in amplifier. Theoretically, the modulation depth induced by SRL, I SRL /I p , is linearly proportional to the Raman cross-section s, molar concentration of the target molecule N and the Stokes beam intensity, i.e., I SRL /I p / s N I S . To date, fast SRS imaging has mostly been implemented by narrowband laser excitation of single isolated Raman band. However, without the ability to resolve overlapping Raman bands contributed by target molecules and background tissue components, single-color SRS is only applicable to study known species using their isolated Raman bands.
Thus, there has been a great effort in developing high-speed vibrational spectroscopic imaging techniques based on spectral tuning of narrowband lasers or broadband laser excitation (Figure 1a and 1b) . Hyperspectral SRS [8] [9] [10] or coherent anti-Stokes Raman scattering (CARS) [11] [12] [13] microscopy has been demonstrated by spectral scanning of a narrowband laser and collection of images at a series of Raman shifts. Nevertheless, this approach is not applicable to highly dynamic organelles in live cells or fast flowing objects. Multiplex CARS microscopy has been developed by parallel detection of spectrally dispersed signals using an array of sensitive charge-coupled device, 14, 15 with a pixel dwell time as short as 3.5 milliseconds (ms). 16 This most advanced multiplex CARS technique has been applied to perform chemical histology of fixed biological tissues. 16 Multi-color SRS imaging has been demonstrated by using three independent lock-in amplifiers. 17 With such a scheme the acquisition of a complete Raman spectrum is difficult. Parallel detection of SRS signals has been demonstrated recently by using a CMOS (complementary metal oxide semiconductor) array 18 or a multi-channel lock-in amplifier, 19 both having a moderate detection sensitivity of 10 24 dI/I modulation depth. Notably, the maximum modulation frequency of current multi-channel lock-in amplifiers is less than 100 kHz. 20 At such modulation frequency the 1/f laser noise is considerable, which limits the detection sensitivity as well as imaging speed of SRS microscopy.
Here, to overcome the above mentioned limitations, we demonstrate SRL spectroscopic imaging by lock-in free parallel detection ( Figure 1b and Supplementary Fig. S1 ). Recently we showed that SRS signals at MHz laser modulation frequency could be extracted and amplified by a resonant circuit, and then rectified for digitization. 21 Because the resonant circuit is essentially a chip as small as a quarter, an array can be assembled to allow for parallel acquisition of multiple signals. We harnessed the compactness of our tuned amplifier (TAMP) and constructed a 16-channel TAMP array ( Figure 1c and 1d and Supplementary Fig. S2 ), which allowed parallel detection of spectrally dispersed SRL signals as small as 10 26 dI/I modulation depth with 32 ms pixel dwell time.
MATERIALS AND METHODS
Lab-built multiplex SRL microscope Our multiplex SRL microscope is based on hybrid scanning of specimens and parallel detection of spectrally dispersed SRL signals ( Supplementary Fig. S1 ). Briefly, a tunable 80 MHz pulsed laser (InSight; Spectra Physics, Santa Clara, CA, USA) provided two synchronized outputs. The tunable pump beam provided up to 1.0 W power, 120 fs pulse duration, and a tuning range from 680 to 1300 nm. The fixed 1040 nm beam with ,0.5 W average power and ,200 fs pulse width served as the Stokes beam. The Stokes beam was modulated at 2.1 MHz by an acousto-optic modulator and sent into a pulse shaper to narrow the spectral width. The FWHM was measured to be 2.3 ps by an autocorrelator and the power was 50 mW. The pump and Stokes beams were collinearly combined and directed into a homebuilt laser-scanning microscope. A 403 objective (LUMPLFLN 40XW; Olympus, Tokyo, Japan) was used for imaging flowing objects, and a 603 objective (UPLSAPO 60XW; Olympus) was used for other imaging demonstrations. The focal spot sizes at 800 nm by the 403 and 603 objectives were calculated to be 570 nm and 425 nm, respectively. The pump and Stokes powers on the sample were 15 mW and 25 mW, respectively. This laser power was below the photodamage threshold measured by Zhang et al.
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For SRL spectroscopic imaging, the pump beam was collected by an oil condenser in order to optimize the collection efficiency, and then dispersed by two diffraction gratings (1200 groove mm 21 ). To maintain the spectral resolution, the direction of the beam on the plane of dispersion should be static during the image scan. For that purpose, we employed a stage scan scheme in the direction of the beam dispersion at speed of 40 mm s
21
, and a mirror scan scheme in the direction perpendicular to the dispersion plane. This hybrid scanning scheme allowed fast SRL imaging with a pixel dwell time down to 32 ms.
Using a 1.0 m focal length lens, the dispersed pump beam with 180 cm 21 bandwidth was fully covered by a photodiode array (S4114-35Q, 0.934 mm 2 per element; Hamamatsu, Hamamatsu City, Japan). Two cylindrical lenses, combined with the 1.0 meter focal length lens, were used to conjugate the plane on the photodiode array to the back aperture of the condenser. The photocurrent from each photodiode was sent into the TAMP array, and the amplified AC 
Figure 1 SRL spectroscopic imaging based on lock-in free parallel detection. Microsecond scale Raman spectroscopic imaging CS Liao et al 2 (alternating current) signals were collected by a 32-channel analog-todigital converter board (PCI-6259; National Instruments, Austin, TX, USA) with a 1 MHz acquisition rate. The characteristic of each TAMP is shown in Supplementary Fig. S2 and discussed in detail in Supplementary Information. SRL spectral recording by lock-in free parallel detection Supplementary Fig. S3 shows the generation of a SRL spectrum of 100% dimethyl sulfoxide (DMSO) solution at the DMSO/air interface by lock-in free parallel detection with 32 ms dwell time. First, the DC (direct current) output which measured the intensity of the local oscillator on each spectral channel provided the spectrum of the pump laser ( Supplementary Fig. S3a) . By fitting the 16-channel DC outputs to the spectrum measured independently by a spectrometer, we performed spectral calibration and determined the dispersion to be 0.4 nm mm 21 on the photodiode array. Based on the calibration and the wavelength of the Stokes beam fixed at 1040 nm, the Raman shifts were calculated. Second, the AC signal gains for each channel were measured by introducing small intensity modulation in the pump beam and fitting the AC profile to DC profile. The gain profile and the DC profile were combined to calibrate the raw data. The calibrated SRL spectral profile well reproduced the polarized Raman spectrum for DMSO ( Supplementary  Fig. S3b ).
Chemicals and cell cultures
Cholesteryl oleate and glyceryl trioleate were purchased from SigmaAldrich. Prostate cancer PC3 cells were cultured in F-12K medium (ATCC) supplemented with 10% FBS (Sigma-Aldrich) in a humidified atmosphere of 5% CO 2 at 37 6 C. For the compositional analysis of lipid droplets, PC3 cells (0.3310 6 ) were seeded in glass bottom dishes (In Vitro Scientific). After overnight incubation, the media was replaced with fresh media supplemented with 10 mM avasimibe or DMSO. The cells were then cultured for 2 days. For SRL spectroscopic imaging of all-trans retinol treated cancer cells, pancreatic cancer MIA PACA-2 cells were seeded in glass-bottom dishes at a density of 10 5 cells mL 21 . After overnight incubation, all-trans retinol dissolved in ethanol was added to the culture medium at final concentration of 100 mM. Equal amount of ethanol was added to the control group. Images were taken 24 h after the treatment. For SRL spectroscopic imaging of fast flowing PC3 cells, PC3 cells (,1310 6 ) were harvested in 1 mL PBS prior to the experiment and then loaded by a syringe pump (PHD2000; Harvard Apparatus) into a glass tube (300 mm inner diameter; World Precision Instrument) at a speed of 0.5 mm s 21 .
Spontaneous Raman spectroscopy
The spontaneous Raman spectra of targeted objects were taken by a Raman spectromicroscopy set-up described previously.
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Multivariate curve resolution analysis of SRL spectroscopic images We adopted multivariate curve resolution (MCR) and alternating least squares fitting to decompose the SRL spectral images into chemical maps of the specimen. 10 MCR is a bilinear model, 23 capable of decomposing a measured spectral data set D into concentration profiles and spectra of chemical components, represented by matrices C and S T , D5C?S T
1E.
Here, T means the transpose of matrix S. E is the residual matrix or experimental error. The inputs to MCR are the dataset D and the reference spectra of each component. S contains the output spectra of all fitted components. The output concentration of a chemical component at each pixel is expressed as a percentage relative to the intensity of the MCR-optimized spectrum. Given an initial estimate of pure spectra either from principal component analysis or prior knowledge, an alternating least squares algorithm calculates C and S iteratively until the results optimally fit the data matrix D. Non-negativity on both concentration maps and spectral profiles is applied as a constraint during the alternating least squares iteration. In order to reduce ambiguity associated with MCR decomposition, 24 a data augmentation matrix composed of repeating reference spectra, if needed, can be added to the spectral dataset D. The enhanced weight on pure reference spectra ensures that the MCR algorithm selectively recovers concentration profiles for the corresponding Raman bands from dataset D.
Worm preparation
Wild-type (N2) Caenorhabditis elegans (C. elegans) strains were obtained from the Caenorhabditis Genetics Center and cultured on agar plates seeded with OP50 Escherichia coli at 20 6 C. Worms were placed on a 5% agrose gel (Sigma) sheet with less than 1 mm thickness, which minimizes the animal motion during imaging.
Following drug diffusion through the mouse skin tissue in vivo
The protocol for this animal study was approved by the Purdue Animal Care and Use Committee. A male athymic nude mouse (6-week-old) under inhalation anesthesia by isoflurane was used for in vivo imaging.
SRL spectral analysis of polymer microsphere mixture A mixture of polystyrene and poly(methyl methacrylate) beads (10 mm diameter; Phosphorex) was prepared by mixing microsphere solutions together with water and vortexed for 30 s. A droplet of solution was placed on a coverslip for 10 min. The dried microsphere mixture was then sealed for imaging. For SRL spectroscopic imaging of flowing microspheres, a syringe pump (PHD2000; Harvard Apparatus) was used to pump the mixture into a glass tube (300 mm inner diameter; World Precision Instrument) at a flow speed of 1.0 mm s
21
.
RESULTS AND DISCUSSION
Distinguishing target molecules from bulk solvent Our spectral detection scheme is capable of extracting the signal of target molecules from the solvent in SRL microscopy. This capability is shown through SRL spectroscopic imaging of a diluted aqueous solution of DMSO. Using DMSO spectrum and water spectrum as inputs for least squares fitting, the 1.6% aqueous solution of DMSO was successfully decomposed into two concentration maps of water and DMSO (Figure 2a-2d) . The SRL signal from water solvent predominated over DMSO. Nevertheless, least squares fitting of the images was able to extract the SRL signal of 1.6% DMSO (dI/I55310 26 ) from the solvent and reproduced the real concentration of DMSO (Figure 2e ).
Compositional analysis of lipid droplets in single live cells
Our imaging platform is capable of resolving the content of a dynamic cellular compartment such as lipid droplet (LD) 25 whose composition is shown to be highly related with cancer cell aggressiveness. 26 Singlecolor CARS and SRS have been used to study LD growth and dynamics in live cells. 27 Multiplex CARS microscopy further allowed spectral analysis of individual LDs in 3T3-L1 cells with 20 ms pixel dwell time. 14 Herein, by recording a SRL spectrum within 32 ms, we demonstrate compositional analysis of LDs in live PC3 cells, an aggressive prostate cancer cell line that is known to accumulate lipids. 28 We first checked whether our parallel detection scheme is robust to intracellular dynamics. As shown in Supplementary Fig. S4 and Supplementary Movie 1, despite intracellular LD trafficking, sequential SRL spectra of two LDs, one stationary and one moving, exhibited no spectral distortion. To show the advantage of our multiplex method, we explored potential spectral distortion in frame-by-frame hyperspectral SRS microscopy. Briefly, we acquired 16 sets of spectroscopic SRS images and constructed one set of hyperspectral image by selecting one spectral channel from each of the 16 spectroscopic images. Since each spectroscopic image took 3 s, the spectral acquisition time was 48 seconds in the frame-by-frame hyperspectral mode. The spectral distortion of lipid droplets was clearly seen, as shown in Supplementary Fig. S5 .
Because cholesteryl ester (CE) and triglyceride (TG) are two major species in LDs, the recorded SRL signal contains contributions from CE and TG. In the region from 2800 to 3000 cm 21 , the Raman spectra of CE and TG are completely overlapped (Figure 3a) , and consequently, single-color SRS is not able to provide compositional information. Our multiplex scheme overcame this difficulty by multivariate decomposition of the spectra recorded at each pixel. For quantitative analysis, we collected SRL spectra from emulsions composed of cholesteryl oleate and glyceryl trioleate at various molar ratios ( Figure 3b ) and used least squares fitting to quantify the CE percentage. A calibration database was built to map C CE /(C CE 1C TG ), where C CE and C TG were the fitted concentrations of CE and TG, respectively, to the molar percentage of CE in the mixture (Figure 3c ). Based on this database, quantification of CE percentage in lipid droplets of live PC3 cells was performed, where a threshold was used in order to selectively analyze the signals from LDs. Figure 3d shows the least squares fitting results corresponding to the C CE /(C CE 1C TG ) ratio in a PC3 cell, suggesting more than 75% CE stored in the LDs. As a control, we treated PC3 cells with avasimibe, a potent inhibitor of cholesterol esterification, and found the CE percentage dropped to less than 25% on average (Figure 3e ). To further confirm the CE percentage, we also performed spontaneous Raman spectral analysis of individual LDs of the same cells using a reported protocol. 28 The CE percentages were confirmed to be ,70% and ,25% for normal and avasimibe-treated PC3 cells, respectively (Supplementary Fig. S6 ). Together, these data show the capability of our platform for label-free chemical content quantification of highly dynamic organelles in live cells.
Monitoring intracellular metabolic conversion
Metabolism is usually investigated by in vitro analysis of cell or tissue homogenates. Our platform opens the possibility to monitor metabolic conversion in live cells by identifying metabolites in different forms. We used retinoid metabolism as a test bed. Retinoid has important functions such as cell proliferation and differentiation. 29 A detailed understanding of retinoid metabolism in live cancer cells would open new ways for developing new cancer treatment. 30 Inside cells, it is established that retinol dehydrogenase oxidizes all-trans retinol to retinaldehyde, which is further metabolized to all-trans retinoic acid. 30 All-trans retinol and retinoic acid exhibit Raman peaks at 1580 and 1605 cm 21 , respectively, which are distinct from the acyl C5C Raman band of lipid droplets at 1650 cm 21 in the fingerprint region (Figure 4a) . Thus, by simultaneously recording Raman peaks at 1580 and 1605 cm 21 , our technique could monitor the retinoid metabolism inside live cells. For demonstration, we treated pancreatic cancer cells (MIA PACA-2) with 100 mM all-trans retinol for 24 h and performed SRL spectroscopic imaging of the cells. By MCR analysis, 23 the output spectra show three distinct Raman peaks at 1580, 1605 and 1650 cm 21 (Figure 4b ), corresponding to all-trans retinol, retinoic acid and lipid, respectively. In corresponding concentration maps, the treated cancer cells exhibited signals from both all-trans retinol and retinoic acid (Figure 4c ), while the control cells only exhibited Raman signal from lipid droplets (Figure 4d ). These data collectively show the potential of monitoring metabolic conversion in live cells by multiplex SRS microscopy.
Discrimination of fat droplets from protein-rich organelles in live C. elegans Fat storage in C. elegans is a key parameter for the study of aging and other diseases. 31 Single-color CARS 32, 33 or SRS 6,34 microscopy has been used to visualize the fat stores inside C. elegans using C-H stretching vibrations. However, single-color CARS or SRS microscopy is not able to distinguish fat droplets which are enriched in CH 2 groups from protein-rich organelles that are abundant in CH 3 groups. Here, we overcame this difficulty by spectroscopic SRL imaging of C. elegans in the C-H bending vibration region, where CH 2 -rich fat and CH 3 -abundant protein exhibit distinctive Raman spectra in the window of 1320-1500 cm 21 ( Supplementary Fig. S7 ). In C. elegans, we identified two types of compartments, both having the same level of Raman signal but exhibiting different spectral profiles ( Supplementary Fig.  S8a-S8c) . By MCR analysis, these signals were decomposed into fat droplets and protein-rich organelles ( Supplementary Fig. S8d-S8f ) by comparing their spectral profiles to those of triglyceride and albumin shown in Supplementary Fig. S7 . The fat droplets exhibited a Raman peak at 1438 cm 21 , which is a feature of CH 2 bending vibration, whereas the protein-rich organelles showed a Raman peak at 1448 cm 21 , which is characteristic of CH 3 bending vibration. These data collectively showed the ability of our technique to resolve different intracellular organelles using intrinsic molecular fingerprint vibrations.
Following drug diffusion through the mouse skin tissue in vivo
We further demonstrated the capability of our platform for monitoring drug delivery in live animals. Conventionally, topical drug delivery is analyzed by tape-stripping or microdialysis techniques. 35 The tapestripping method involves removal of a microscopic layer of stratum corneum and the consequent chemical analysis of the concentration of the drug molecule. In the microdialysis technique, a probe is implanted superficially into the dermis or subdermis, and the drug concentration can be analyzed via passive diffusion. However, these techniques are invasive and time consuming. Real-time visualization of drug diffusion into a biological tissue in vivo provides a noninvasive way to assess drug delivery efficiency. Single-color SRS microscopy has been used to monitor a deuterated drug using isolated C-D stretching vibrational bands. 36 Here, we demonstrate in vivo mapping of natural molecules, which are spectrally overlapped with the tissue signal, by our multiplex technique. We applied 100% DMSO solution to an intact mouse ear in vivo and monitored DMSO penetration into the adipose tissue located ,50 mm beneath the skin surface. Every six seconds, one SRL spectral image was acquired at a speed of 3 s per frame of 2003200 pixels. As shown in Figure 5a -5d, although the Raman spectra of DMSO and lipids are overlapped in the region from 2800 to 3100 cm 21 , SRL spectroscopic imaging, followed by MCR analysis, allowed us to obtain concentration maps of lipids and DMSO over time. Very small amounts of DMSO penetrated into the adipose tissue in the first 40 s. However, extracellular distribution of DMSO was observed over the next 20 s. Following these fast dynamics is a significant challenge to current frame-by-frame hyperspectral CARS or SRS technology. In contrast, parallel detection on the microseconds scale eliminated possible spectral distortions induced by the fast diffusion dynamics and the motions of the animal.
High-throughput spectral analysis of fast flowing microspheres and cancer cells Flow cytometry is a gold standard biophysical technology widely used in cell counting, cells sorting, and quantitative single cell analysis. 37, 38 With a 32 ms dwell time, our platform could potentially allow highthroughput spectral analysis of 30 000 flowing objects in one second. As a proof of concept, we performed spectral analysis of flowing microsphere mixture of polystyrene and poly(methyl methacrylate). The microspheres suspended in water were loaded by a syringe pump at a 1.0 mm s 21 flow speed into a glass tube of 300 mm inner diameter. One-dimensional laser scanning was performed to cover a 50 mm window by 100 pixels, which corresponds to a speed of 3.0 ms line 21 . Figure 6a and Supplementary Movie 2 show the detected microspheres within 300 ms acquisition time. The averaged spectral profiles from the position of 32-37 mm indicated two distinct species in the time window of 30-66 ms (Figure 6b ). MCR analysis further allowed us to discriminate every scanned microsphere based on the spectral profile ( Figure 6c and 6d and Supplementary Movie 3) . It is important to note that the MCR output spectra of both flowing (Figure 6d ) and static microspheres ( Supplementary Fig. S9 ) highly reproduced their spontaneous Raman spectra, providing evidence that our technique is free from motion artifacts. To show that fast flowing biological samples can also be analyzed by our set-up, we pumped PC3 cells at a speed of 0.5 mm s
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( Figure 6e and Supplementary Movie 4) . The time-lapsed averaged SRL spectra from the position of 25-30 mm were collected in the time window of 27-63 ms, and showed three distinct spectral profiles, which can be assigned to lipids, proteins and water (Figure 6f) . Collectively, these data demonstrate the capability of lock-in free parallel detection for high throughput vibrational spectral analysis of fast flowing objects.
The current work demonstrated a platform for acquisition of a SRL spectrum at 32 ms dwell time. The detection sensitivity of our tuned amplifier array is better than the reported lock-in amplifier array 19 and the CMOS camera 18 technologies by nearly two orders of magnitude. For single-color SRS microscopy, the detection sensitivity of 50 mM retinol or 5 mM methanol solution was reported by Freudiger et al.
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with 1 minute integration time. The 5 mM concentration limit for cholesterol reported by Freudiger et al. was achieved at 1 second integration time. 39 Here we achieved 160 mM DMSO solution sensitivity at 32 ms integration time. At 1-s integration time, our signal-to-noise ratio would be improved by 176 times in theory, which corresponds to a detection sensitivity of 0.9 mM. Thus, the detection sensitivity of our multiplex SRS set-up is on the same level as single-color SRS. This sensitivity is partly contributed by shot-noise limited detection and partly through MCR analysis of the whole data set.
Our multiplex SRL technique pushed the Raman spectral acquisition speed to microsecond scale compared with the state-of-the-art multiplex CARS microscopy, which requires a pixel dwell time of 3.5 ms. 16 One key factor for this improvement is contributed by the strong local oscillator in the SRS detection scheme. In theory, the detection sensitivities of SRS and CARS under the shot noise limited condition are comparable. 5 In a multiplex CARS microscope with a typical charge-coupled device array, millisecond pixel dwell time is required in order to reach the shot noise limit. 40 In our case, eight of the sixteen spectral channels exhibited shot noise limited detection at 32 ms pixel dwell time. As shown in Supplementary Fig. S2d , the electronic noise of 0.68 nV Hz 21/2 in our system corresponded to the magnitude of shot noise when 0.2 mW local oscillator power illuminated on one spectral channel. Considering the 0.5 A/W quantum efficiency of the photodiode and 1.0 kV input impedance of the TAMP, any spectral channel with a DC output higher than 0.1 V should be dominated by the laser shot noise. Therefore, based on the DC spectrum shown in Supplementary Fig. S3b , shot noise was larger than electronic noise in spectral channels 4-11. Moreover, the total noise per channel determined our detection sensitivity. For central channels 7 and 8, the total noise is 1.16 nV Hz
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. At a 32-ms time constant, this noise corresponds to a 2.6310 26 dI/I modulation depth. Inevitably, the spectral channels on the edge received lower local oscillator power and thus suffered from high electronic noise. This issue can be addressed by employing a laser source with a broader bandwidth.
Our platform can be used to monitor single cell response to an external stimulus (e.g., mechanical loading) or intervention (e.g., drug treatment) with high spatial and temporal resolution. Along with omics and single-cell sequencing technologies, methods for cell analysis have advanced significantly. Yet, there are still difficulties in monitoring the spatiotemporal dynamics of a cell in an intact tissue Microsecond scale Raman spectroscopic imaging CS Liao et al 6 environment. For real-time imaging of protein and RNA dynamics in live cells, fluorescence microscopy is the preferred method. Fluorescent labels, however, are too bulky for small molecules (e.g., fatty acids, amino acids, cholesterol, glucose, drugs) that play key roles in cell survival and proliferation. The reported label-free vibrational spectroscopic imaging platform, with its capability to discriminate chemical content in real time, allows one to visualize the response of single live cells at the molecular level. One potential application would be label-free imaging of cholesterol storage inside live cells in response to a gene mutation or to a cholesterol-lowering drug treatment. Another exemplar application is mapping the organization of vascular smooth muscle cells in response to a mechanical stress.
Furthermore, our imaging platform enables monitoring the diffusion of natural molecules that are spectrally overlapped with the tissue signal by the aid of multivariate analysis of time-sequenced SRL spectra. Because the diffusion process is highly dynamic on the second scale, frame-by-frame hyperspectral SRS microscopy is prone to spectral distortion caused by the fast diffusion dynamics and live animal motions. Our technique overcomes this difficulty by parallel spectral recording on the ms scale. Future development of an epidetected multiplex SRL microscope could further enable in vivo assessment of local drug bioavailability in non-transparent tissues such as human skin.
Our study also opens an avenue to implementation of label-free spectroscopic flow cytometry. Current fluorescence-based flow cytometry requires fluorescent labels and is limited to parallel detection of a small number of species. In addition, the labels could alter cellular chemistries and perturb experimental outcomes. 41 Label-free flow cytometry based on molecular vibrations has been demonstrated recently. For instance, Lau et al. 42 successfully showed separation of two lymphocytic cell populations by principal component analysis of Raman spectra under 120-s integration time per cell. By multiplex CARS, Camp et al. separated two subpopulations of yeast cells on the basis of forward scattered photons and forward-detected CARS spectra at a 10-ms pixel dwell time. 43 Our multiplex SRL technique offers a data acquisition speed that is comparable to a typical fluorescence-based cell sorter with potential capability of probing 100 000 thousand objects per second. In this work, we explored the feasibility by utilizing one-dimensional laser scanning and collecting SRL spectra from single fast flowing tumor cells. Taking advantage of the fact that the SRS signal is always phase-matched and thus allows a collinear beam geometry under a weakly focused condition, future development will involve weakly focused laser beams and hydrodynamic focusing of flowing cells in order to illuminate whole cells one by one within 32 ms. Aided by multivariate analysis, a SRS spectroscopic cell sorter heralds the potential of distinguishing cell populations based on their inherent chemical content.
We note that there is plenty of space to improve our technology. In our set-up, we dispersed the signal on a 35-element photodiode array and only used 16 channels out of these 35 elements. More than 50% of signal was not used. As a result, we can have 35 spectral channels at the same pump power level and with the same signal-to-noise ratio level. This technology is also readily scalable. Together with a suitable broadband laser source, a TAMP array of 128 channels can be fabricated to cover the entire fingerprint region without increasing the data acquisition time. Moreover, the 32-ms pixel dwell time can be further reduced. The limiting factor of our speed of spectral acquisition is the data acquisition board used in our study. This board provides 32-channel inputs with a total sampling rate of 1 MHz. By using a faster data acquisition board with a GHz sampling rate, we potentially can further reduce the spectral acquisition time to less than 1 ms.
CONCLUSIONS
We have demonstrated a 16-channel TAMP array that allows acquisition of one SRS spectrum, in a window defined by the broadband pulse, at the speed of 32 ms. Our parallel detection scheme enabled chemical imaging of highly dynamic systems based on spectrally overlapping Raman bands. This advance allowed us to map the composition of a highly dynamic organelle, e.g., percentage of cholesterol stored in a lipid droplet, in single live cells, which is crucial for evaluation of cancer cell aggressiveness. We also showed the potential to monitor the retinoid metabolism in live cancer cells. Moreover, we demonstrated in vivo imaging of drug diffusion into a biological tissue, which potentially could further enable in vivo assessment of local drug bioavailability in human skin. Furthermore, we showed spectral analysis of fast flowing cells by our platform. This capability opens the opportunity of implementing label-free spectroscopic flow cytometry for high-throughput analysis of single cells (e.g., circulating tumor cells) based on their chemical content. Collectively, these efforts hold the potential of pushing Raman spectroscopy, which is mainly used for point measurement or chemical imaging of fixed specimens, towards compositional/functional mapping of intracellular compartments or spectral profiling of flowing cells in a high throughput manner. 
